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' I t  

PREFACE 

This r e p o r t  was generated i n  accordance with the  requirements of 
JF'L Contract 951092 t o  summarize the  work performed during Phase I1 
of hea t  s t e r i l i z a b l e  nickel-cadmium c e l l  f a i l u r e  ana lys i s  program. 
The program e f f o r t  examined the f a i l u r e  mode a n a l y s i s  f o r  c o n t r o l  and 
heat  s t e r i l i z e d  c e l l s  subjected t o  100 percent  depth of discharge cycl ing.  

The repor t  was prepared by R. F. Fogle, who served as p r o j e c t  engineer 
f o r  TRW. 
t he  Technical Representative f o r  JPL. 

W. R. S c o t t  was Pro jec t  Director .  M r .  Winfield Teaney was 
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ABSTRACT 

The hea t  s t e r i l i z e d  nickel-cadmium c e l l  f a i l u r e  a n a l y s i s  

program d e f i n i t e l y  showed a degradat ion of t h e  c e l l  separa tor  
r e s u l t i n g  from h e a t - s t e r i l i z a t i o n .  This degradat ion was evi-  

denced p r imar i ly  by a lower t e n s i l e  s t r e n g t h  of t h e  separa tors  i n  

those c e l l s  which had been s t e r i l i z e d .  For c e l l s  s t e r i l i z e d  i n  

t h e  charged o r  partially charged condi t ion,  t h e  degree of separa- 

t o r  degradation increased a s  t h e  s t a t e  of charge p r i o r  t o  h e a t -  

s t e r i l i z a t i o n  increased.  

r e s u l t i n g  from s t e r i l i z a t i o n  was a l s o  es tab l i shed .  

c a p a c i t i e s  of those c e l l s  which had been s t e r i l i z e d  were s l i g h t l y  

lower than  those  of non-ster i l ized c e l l s .  Ind iv idua l  e lec t rode  

p o t e n t i a l  measurements on n i c k e l  and cadmium p l a t e s  showed t h a t  

t h e  n i c k e l  e lec t rode  contributed t o  t h e  limit on charge and was 

t h e  major l i m i t i n g  electrode on discharge,  i n d i c a t i n g  a s l i g h t  

degradation of t h e  n i c k e l  e lec t rode  r e s u l t i n g  from s t e r i l i z a t i o n .  

Evidence of n i c k e l  e l ec t rode  degradation 
The p l a t e  

One c e l l ,  which had been s t e r i l i z e d ,  would not accept a charge 

during p l a t e  t e s t i n g .  

t o  a reference showed t h e  n i c k e l  e lec t rode  t o  be abnormal (compared 

t o  o ther  c e l l s  t e s t e d )  i n  the  f a i l e d  c e l l .  

X-ray a n a l y s i s  of t h e  residues from t h e  leach  and p l a t e  t e s t i n g  

s o l u t i o n s  of t h e  f a i l e d  c e l l  showed t h e  major component t o  be 

cadmium hydroxide with intermediate  concentrat ions of calcium 

carbonate and n i c k e l  metal. 

The p l a t e  p o t e n t i a l s  of t h i s  c e l l  with respect  

Spectrographic and 

Chemical analyses  of the  e l e c t r o l y t e  f o r  carbonate and hydroxide 

content ,  separa tor  r e s i s t i v i t i e s  and c e l l  AC impedances of a l l  c e l l s  

t e s t e d  showed considerable v a r i a t i o n ,  making it d i f f i c u l t  t o  e s t a b l i s h  

t r e n d s  o r  c o r r e l a t i o n s  between t h e s e  c h a r a c t e r i s t i c s  and t h e  e f f e c t s  

of h e a t - s t e r i l i z a t i o n .  

ii 
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1 . 0  SUMMARY 

The r e s u l t s  of t h e  f a i l u r e  a n a l y s i s  t e s t  program are summarized below. 

1) Heat s t e r i l i z a t i o n  of c e l l s  i n  t h e  p a r t i a l l y  o r  f u l l y  charged 
s t a t e  r e s u l t e d  i n  degradation of t h e  sepa ra to r .  
t he  degradation increased as t h e  s t a t e  of charge during heat ing 
increased. 

The s e v e r i t y  of 

2)  Heat s t e r i l i z a t i o n  of c e l l s  i n  t h e  discharged s ta te  r e s u l t e d  i n  
some degree of  separator  degradation as evidenced by t h e  lower 
t e n s i l e  s t r e n g t h  and s t i f f n e s s  of t h e  sepa ra to r  i n  these  c e l l s .  

3 )  The concentrat ion of carbonate i o n  i n  t h e  e l e c t r o l y t e  s o l u t i o n  
was 20% higher  i n  s t e r i l i z e d  than i n  non- s t e r i l i zed  c e l l s .  
ever ,  t h e  c o n t r o l  c e l l  showed a carbonate concentrat ion 23% 
higher than s t e r i l i z e d  c e l l s .  
bonate content of t he  c e l l s  may be a r e s u l t  of t h e  d i f f e r e n t  
methods used f o r  leaching t h e  e l e c t r o l y t e  from t h e  separator-  
e l ec t rode  assembly, Because of t h e  v a r i a t i o n s  noted i n  t h e  
carbonate content between c e l l s ,  i t  i s  d i f f i c u l t  t o  determine 
t o  what degree carbonate con t r ibu ted  t o  adverse c e l l  perfor-  
mance or whether s t e r i l i z a t i o n  promoted carbonate formation. 

How- 

The v a r i a t i o n s  noted i n  t h e  car- 

I n  general ,  t h e  carbonate content w a s  equal  t o  or g r e a t e r  than 
the hydroxide content i n  c e l l s  t e s t e d ,  The most s i g n i f i c a n t  
exception t o  t h i s  gene ra l i za t ion  was observed i n  t h e  c e l l  having 
s e r i a l  number 2732. I n  t h i s  c e l l ,  t h e  amount of carbonate was 
considerably lower than t h e  amount of hydroxide. 
was s p e c i a l  i n  tha t  i t s  manufacture and s t e r i l i z a t i o n  were 
d i f f e r e n t  from the o the r  c e l l s  t e s t e d .  It was n o t  formed a t  t h e  
t i m e  of manufacture, the p l a t e s  were n o t  matched, and a vacuum 
f i l l  technique was used for t h e  a d d i t i o n  of t he  e l e c t r o l y t e .  
Approximately one month a f t e r  manufacture, t he  c e l l  was s t e r i l i z e d ,  
formed, and ther, cycled f i f t e e n  ( 1 5 )  times by JPL p r i o r  t o  a n a l y s i s .  
Also, c e l l  2732 was not  from t h e  same l o t  as t h e  o t h e r  c e l l s  t e s t e d .  

This c e l l  

4 )  The sepa ra to r  r e s i s t i v i t y  d a t a  showed considerable  v a r i a t i o n  
between c e l l s  and between t e s t  samples of any one sepa ra to r .  The 
average r e s i s t i v i t y  f o r  a l l  t h e  s t e r i l i z e d  c e l l s  was 605 ohm-cm2, 
whereas t h  
3 4  ohm-cm . 
charged 19  days, cycle l i f e )  and c e l l  S/N 2917 ( s t e r i l i z e d ,  f l o a t  
charged 1 9  days, cycle l i f e )  which both show unusual ly  high 
r e s i s t i v i ty  values are neg lec t  d;  t h e  average resist ivity of t h e  
s t e r i l i z e d  c e l l s  i s  217 ohm-cm and t h a t  of t h e  non- s t e r i l i zed  c e l l s  
269 ohm-cm2. The average v a r i a t i o n  of res i s t iv i ty  within a sep- 
a r a t o r  was 766 ohm-cm2for a l l  t h e  s t e r i l i z e d  c e l l s  and 248 ohm- 
cm2 f o r  t h e  non- s t e r i l i zed  c e l l s .  Again, i f  c e l l s  S / N  2970 and 

average r e s i s t i v i t y  for t he  non- s t e r i l i zed  c e l l s  was 
However, i f  c e l l  S / N  2970 non- s t e r i l i zed ,  f l o a t  5 

9 

(1) The term "separator  res is t ivi ty"  as used i n  t h i s  r e p o r t  refers t o  t h e  
r e c i p r o c a l  of the conduct ivi ty  of t h e  sepa ra to r  when immersed i n  
e l e c t r o l y t e  so lu t ion .  
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1.0 Continued 

2 and S/N 2971 a r e  neglected,  t9e average v a r i a t i o n  becomes 1U+ ohm-cm 
f o r  s t e r i l i z e d  and 166 ohm-cm f o r  non-s te r i l i zed  c e l l s .  There 
i s  a l s o  considerable  v a r i a t i o n  of t h e  res i s t iv i ty  from one c e l l  
t o  another.  The separa tor  r e s i s t i v i t y  f o r  t h e  s t e r i l i z e d  c e l l s  
varies from 110 ohm-cm2 t o  3325 ohm-cm2 when a l l  c e l l s  are considered 
and from 110 t o  442 ohm-cm2 when c e l l  S/N 2971 i s  neglected.  
t he  non-s te r i l i ze  
137 t o  60520hm-cm’ when a l l  c e l l s  are considered and from 137 t o  
462 ohm-cm 
i s  considerable  v a r i a t i o n  of t h e  r e s i s t i v i t y  da t a .  Two poss ib l e  
explanat ions f o r  t he  v a r i a t i o n  observed a r e  (a)  non-uniformity of 
separa tor  th ickness  (non-uniformity of s epa ra to r  th ickness  was 
confirmed by measurement), and (b)  adherence of a c t i v e  e l ec t rode  
ma te r i a l  t o  t h e  separa tor .  
res is t ivi ty  values  found f o r  s epa ra to r s  from c e l l s  S/N 2970 and 
2971 was apparent.  

For 
c e l l s  t h e  sepa ra to r  res i s t iv i ty  v a r i e s  from 

when c e l l  S/N 2970 i s  neglected.  It i s  apparent t h e r e  

No reason f o r  t h e  unusual ly  high 

5) I n  genera l ,  t h e  p l a t e  c a p a c i t i e s  (flooded condi t ion)  of c e l l s  t h a t  
had been s t e r i l i z e d  i n  t h e  discharged s t a t e  were lower than  those  
of comparable c e l l s  t h a t  had not  been s t e r i l i z e d .  
capaci ty  of t h e  s t e r i l i z e d  c e l l s  was 3.39 ampere hours while t h e  
average capac i ty  of t h e  non-s te r i l i zed  c e l l s  was 4.60. 
e f f e c t  was opposi te  t o  t h a t  observed a t  t h e  t h e  te rmina t ion  of 
Phase I t e s t i n g ,  where t h e  c e l l s  which had been s t e r i l i z e d  showed 
a higher  output capaci ty  (average 2.58 ampere hours) than comparable 
c e l l s  which had no t  been s t e r i l i z e d  (average 1.60 ampere hours) .  
P r i o r  t o  c u t t i n g  the c e l l s  open f o r  f a i l u r e  ana lys i s ,  t h e  s t e r i l -  
i zed  c e l l s  showed s l i g h t l y  higher  output  capac i ty  than t h e  non-s te r i l i zed ,  
c e l l s .  
2.82 ampere hours while t h e  non-s te r i l i zed  showed an average output  
capaci ty  of 1.12 ampere hours.  This d i f f e rence  could be a t t r i b u t e d  
t o  t h e  f a c t  t h a t  t h e  p l a t e  t e s t i n g  of Phase I1 ( f a i l u r e  analysis) 
was ca r r i ed  out  i n  flooded condi t ion and with new sepa ra to r  m a t e r i a l  
while all o the r  capac i t i e s  (Phase I ,  e t c . )  were measured with t h e  
cel ls  i n t a c t .  

The average 

This 

The s t e r i l i z e d  c e l l s  had an average output capac i ty  of 

6) One c e l l ,  S/N 3022 which had been heat  s t e r i l i z e d  and subjected t o  

accept a charge during t h e  p l a t e  t e s t i n g  of Phase I1 t e s t i n g .  The 
p o t e n t i a l s  measured between t h e  re ference  e l ec t rode  (Hg/HgO) and 
n i cke l  p l a t e ,  and between t h e  re ference  e l ec t rode  and the  cadmium 
p l a t e  showed t h e  l a t t e r  t o  be normal (approximately -0.9 v o l t s )  
and t h e  former t o  be reversed ( t h e  p o l a r i t y  had reversed from 
+0.4 v o l t  t o  approximately -0.9 v o l t )  when compared t o  t h e  o the r  
p l a t e  capac i ty  measurements made during t h e  Phase I1 t e s t i n g  us ing  
t h e  same type reference e l ec t rode .  The n i cke l  l e a d  of t h i s  c e l l  
was almost completely severed a t  i t s  i n t e r s e c t i o n  with t h e  e l ec t rode  
and had t o  be resoldered p r i o r  t o  making p l a t e  capac i ty  t e s t s .  

- l i f e  cycl ing only during Phase I and Phase I11 t e s t i n g ,  d i d  not  
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1.0 Continued 

The spectrographic  and x-ray a n a l y s i s  of t h e  r e s idues  f i l t e r e d  
from t h e  l each  and p l a t e  t e s t i n g  s o l u t i o n s  of c e l l  S/N 3022 
(which would no t  accept a charge during p l a t e  t e s t i n g )  revealed 
mainly cadmium hydroxide, cadmium carbonate and n i c k e l  metal. This 
c e l l  had been s t e r i l i z e d  and t h e  chemical a n a l y s i s  of t h e  e l e c t r o l y t e  
showed a carbonate content of 3.21 g. The carbonate content  found 
i n  t h e  e l e c t r o l y t e  and t h a t  found i n  t h e  r e s idues  from t h e  l each  and 
p l a t e  t e s t i n g  so lu t ion  as cadmium carbonate might have con t r ibu ted  
t o  t h i s  c e l l ' s  i n a b i l i t y  t o  accept a charge. 
l e a d  which was almost severed from t h e  e l ec t rode  had t o  be re- 
soldered p r i o r  t o  making t h e  p l a t e  capaci ty  t e s t ,  and t h i s  so lde r  
j o i n t  could have been an i n f e r i o r  j o i n t  e l e c t r i c a l l y .  However, an 
i n f e r i o r  s o l d e r  j o i n t  could no t  account f o r  t h e  r e s u l t s  obtained. 

The n i c k e l  e l e c t r i c a l  

An emission spectrographic a n a l y s i s  of res idues from t h e  e l e c t r o l y t e  
l each  operat ion and from t h e  p l a t e  t e s t i n g  process for t h i s  c e l l  
showed t h e  major m e t a l i c  components t o  be n i c k e l  and cadmium, 
which would be expected even i n  a normal c e l l .  
of t h e  combined residues showed t h e  major component t o  be cadmium 
hydroxide Cd(OH)2. 
concentrat ions were cadmium carbonate C a C O  and n i c k e l  (Ni) . Although 
t h e  spectrographic  and x-ray a n a l y s i s  d i d  Jhow t h e  presence o f  
cadmium carbonate and because i t s  e f f e c t  on c e l l  performance i s  no t  
f u l l y  understood, these t e s t s  d i d  no t  produce any conclusive 
evidence as t o  t h e  cause of c e l l  f a i l u r e .  However, cadmium 
carbonate could have con t r ibu ted  t o  t h e  c e l l  f a i l u r e .  

An x-ray d i f f r a c t i o n  

Also found t o  be present  i n  intermediate  

7 )  AC impedance measurements showed a wide spread from 12.5 t o  900 
millohms. 
48 milliohms while the non-ster i l ized c e l l s  exh ib i t ed  an average 
impedance of 247 milliohm. Although all t h e  s e p a r a t o r s ,  except 
t hose  from c e l l s  s t e r i l i z e d  i n  t h e  charged s ta te ,  by v i s u a l  
i n spec t ion  appeared t o  be uniformly wetted with e l e c t r o l y t e ,  it i s  
poss ib l e  t h a t  non-uniform d i s t r i b u t i o n  of t h e  e l e c t r o l y t e  i n  t h e  
sepa ra to r s  and/or i n  t h e  e l e c t r o d e s  r e s u l t e d  i n  t h e  observed high 
impedances. 

The average impedance f o r  t h e  s t e r i l i z e d  c e l l s  was 

8 )  Tensi le  s t r e n g t h  measurements showed t h a t  i n  every case t h e  
sepa ra to r s  from s t e r i l i z e d  c e l l s  had lower t e n s i l e  values  than 
sepa ra to r s  from non-ster i l ized c e l l s .  
of t e s t  samples c u t  p a r a l l e l  t o  t h e  long ax is  of t h e  s e p a r a t o r  f o r  
s t e r i l i z e d  c e l l s  was 3.72 Kg. * i le  comparable samples from non- 
s t e r i l i z e d  c e l l s  was 5 . a  Kg.. The average t e n s i l e  s t r e n g t h  of 
t e s t  samples cu t  perpendicular t o  t h e  long ax is  of t h e  sepa ra to r  
f o r  s t e r i l i z e d  c e l l s  was 2.96 Kg. and f o r  comparable samples of 
non-ster i l ized c e l l s  t h e  value was 4.39 Kg.. 
s l i g h t  v a r i a t i o n  i n  t ens i le  s t r e n g t h  (approximately 1.27 Kg . ) of 
t h e  same s i z e  t e s t  sample for any given sepa ra to r  i n d i c a t i n g  t h e  
p o s s i b i l i t y  of a non-uniform sepa ra to r .  

The average t e n s i l e  s t r e n g t h  

There was a l s o  a 
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9) Dimensional measurements of t h e  sepa ra to r  showed t h a t  t h e  width 
of separa tors  from s t e r i l i z e d  c e l l s  was approximately 1/32 inch 
less  than t h a t  of  separa tors  from non-s te r i l i zed  c e l l s .  
average th ickness  of separa tors  f r o m  s t e r i l i z e d  c e l l s  was 0.0122 
inch ,  while separa tors  f r o m  non-s te r i l i zed  c e l l s  exhib i ted  an average 
th ickness  of 0 .0101inch .  I n  add i t ion ,  t h e  average v a r i a t i o n  i n  
separa tor  th ickness  f o r  s t e r i l i z e d  c e l l s  was about 2 X 10-3 inch 
and 20% less f o r  non-s te r i l i zed ,  i nd ica t ing  a g r e a t e r  degree 
of non-uniformity i n  separa tors  from s t e r i l i z e d  c e l l s .  

The 

2.0 INTRODUCTION 

The purpose of t h i s  repor t  i s  t o  present  t h e  results of t h e  Fa i lu re  
Analysis Phase o f  a Heat S t e r i l i z a b l e  Nickel-Cadmium Ce l l  Test  
Program performed f o r  the Jet Propulsion Laboratory,  Ca l i fo rn ia  
I n s t i t u t e  of Technology, under JPL Contract 951092 sponsored by t h e  
National Aeronautics and Space Administration under Contract NAS 7-100. 
This program e f f o r t  examined t h e  f a i l u r e  mode ana lys i s  f o r  con t ro l  and 
hea t  s t e r i l i z e d  c e l l s  subjected t o  100% depth o f  discharge cycl ing.  

Tests discussed i n  t h e  following sec t ions  were performed on seventeen 
4.0 ampere-hour, rlD1l s i ze  Sonotone nickel-cadmium c e l l s .  Twelve of 
these  cet$B were se lec ted  from sixty c e l l s  which had been subjected t o  

been subjected t o  Phase I and Phase I11 
were con t ro l  c e l l s  which had not been subjected t o  s t e r i l i z a t i o n  or any 
of t h e  above tes t  procedures. 
approximatelg one (1) year p r i o r  t o  f a i l u r e  ana lys i s .  One c e l l  was 
s tored  a t  32 F and t h e  o ther  c e l l  a t  78'F. 
t o  f a i l u r e  ana lys i s  t e s t i n g  was a s p e c i a l  c e l l  having the  following 
h i s t o r y .  This c e l l  was manufactured by Sonotone t o  JF'L i n s t r u c t i o n s .  
The c e l l  was not  formed a t  t h e  t ime of manufacture, and t h e  p l a t e s  
were not  matched. The unformed c e l l  was s to red  f o r  one month, after 
which t h e  c e l l  was heat  s t e r i l i z e d  and formed by JPL. 
t h e  c e l l  was subjected t o  f i f t e e n  (15) cycles  and was  s to red  f o r  t h r e e  
months i n  t h e  discharged open c i r c u i t  condi t ion p r i o r  t o  f a i l u r e  ana lys i s .  

Phase I t e s t i n g .  Two c e l l s  were s e l  

These c e l l s  were s to red  by JPL for 

The f i n a l  c e l l  subjected 

Af te r  formation,  

The f a i lu re  ana lys i s  t e s t s  consis ted of: AC impedance, visual 
in spec t ion ,  s epa ra to r  t e n s i l e  s t r e n g t h ,  s epa ra to r  r e s i s t i v i t y ,  
s epa ra to r  dimensional check, e l e c t r o l y t e  chemical a n a l y s i s ,  and 
e lec t rode  capaci ty  t e s t i n g .  
con t r ibu t ion ,  i f  any, of t h e  var ious c e l l  components ( sepa ra to r ,  
e l e c t r o l y t e  and p l a t e s )  t o  c e l l  f a i l u r e ,  and t o  compare t e s t  da t a  o f  
f a i l e d  c e l l s  with non-failed c e l l s .  The t e s t s  were performed i n  
accordance with t h e  procedures discussed i n  t h e  following sec t ions  
r e l a t i n g  t o  separa tor  e l e c t r o l y t e  and p l a t e  t e s t i n g .  

The t e s t s  were designed t o  determine t h e  

(1) Phase I - Test ing as out l ined i n  J P L ' s  llNickel-Cadmium Ce l l  Test Statement 
of Work" dated February 10, 1965 and TW Systems Test Procedure 9363.4-343, 

Apr i l  28, 1965. 
Phase I1 - Test Program as out l ined  i n  JPL's "Nickel-Cadmium C e l l  Test 
Statement of Work", dated August 30 ,  1966, and TW Systems Test P lan ,  
e n t i t l e d  "Heat S t e r i l i z a b l e  Cell  Charac te r iza t ion  Test" , dated November 2 ,  x966.  

. e n t i t l e d  "Heat S t e r i l i z a t i o n  Test ing of Nickel-Cadmium Cel l s1 ' ,  dated 

(2)  I 



3 -0  TEST METHODS AND RESULTS 

3 -1 Impedance Test 

P r i o r  t o  opening t h e  c e l l s  f o r  f a i l u r e  a n a l y s i s ,  an AC impedance 
t e s t  was made on each c e l l .  The AC br idge  was of TEilnl design and 
t h e  measurements were made a t  60 Hz. 
apparatus  used f o r  t h i s  t e s t .  The impedance measurements a r e  i n  
add i t ion  t o  t h e  t e s t s  ca l l ed  out  i n  t h e  work statement of t h e  con t r ac t .  
The resul ts  of t h e  t es t  are presented i n  Table I .  Those c e l l s  having 
an impedance over 100 millohms showed no output capac i ty  when checked 
ju s t  p r i o r  t o  c u t t i n g  the  c e l l s  open f o r  f a i l u r e  a n a l y s i s .  
which had been s t e r i l i z e d  and then  placed on open c i r c u i t  o r  f l o a t  
charge f o r  varying lengths  of time p r i o r  t o  l i f e  cycl ing during 
Phase I had higher  input  and output c a p a c i t i e s  (average input  
4.32 ampere hours ,  average output 2.58 ampere hours) j u s t  p r i o r  t o  
c u t t i n g  t h e  c e l l s  open f o r  f a i l u r e  ana lys i s  than  comparable c e l l s  
which had not  been s t e r i l i z e d  (average input  0.04 ampere hours,  
average output 0.0 ampere hours) .  From the  da t a  presented i n  Table I. t h e  
average value o f  t h e  measured impedance was ca l cu la t ed  t o  be 27 milliohms 
f o r  c e l l s  which had been s t e r i l i z e d  and placed on open c i r c u i t  o r  f l o a t  
charge s tand p r i o r  t o  l i f e  cyc l ing ,  while comparable c e l l s  which had not  
been s t e r i l i z e d  had an average value of 306 milliohms. 
impedance value of s t e r i l i z e d  c e l l s  regard less  o f  t es t  sequence of 
Phase I was 48 milliohms and 247 f o r  non-s te r i l i zed  c e l l s .  A comparison 
of s t e r i l i z e d  c e l l s  with t h e  con t ro l  shows t h e  impedance value of 
t h e  con t ro l  t o  be about 13 milliohms vs  48 milliohms f o r  t h e  s t e r i l i z e d .  
Poss ib le  drying o r  non-uniform d i s t r i b u t i o n  of t h e  e l ec t ro l j r t e  i n  
t h e  sepa ra to r  and/or e lectrodes r e su l t ed  i n  t h e  observed higher  
impedances and t h e  noted v a r i a t i o n s  of t h e  measured impedance. 

Figure 1 i s  a diagram of t h e  

C e l l s  

The average 

3 . 2  Visual Observations 

3.2.1 Cell  Case, Leads, and Insu la to r .  A l l  c e l l s  t e s t e d  during t h e  
f a i l u r e  ana lys i s  program showed t h e  same genera l  appearance 
regard less  o f  wfiether or not t h e  c e l l  had been subjected t o  
s t e r i l i z a t i o n .  
corrosion.  There was a l s o  no evidence of corrosion of t h e  so lder  
connection of the l e a d  t o  t h e  e lec t rode  t a b .  The i n s i d e  of 
both t h e  c e l l  top and bottom f o r  all c e l l s  showed a black 
d i sco lo ra t ion .  The na ture  of t h i s  d i sco lo ra t ion  was not  
determined. The i n s i d e  of t h e  w a l l s  o f  t h e  c e l l  case above 
t h e  electrode-separator  assembly a l s o  exhib i ted  t h i s  b lack  
d i sco lo ra t ion .  
e lectrode-separator  assembly and t h e  w a l l  of t h e  c e l l  ca se ,  and 
those which were on t h e  t o p  (3  i n s u l a t o r s )  and bottom (1 i n s u l a t o r )  
of t h e  electrode-separator  assembly showed no s igns  of degradat ion.  
There was no crazing,  emritt lement o r  d i sco lo ra t ion  of t h e  
i n s u l a t o r s .  I n  genera l ,  t h e r e  was l i t t l e  o r  no d i f f e rence  
i n  t h e  phys ica l  appearance of i n s u l a t o r s  between c e l l s  which 
had not been s t e r i l i z e d  and those  which had. 

The l e a d s  showed no s igns  of d i sco lo ra t ion  o r  

The p l a s t i c  i n s u l a t o r s  which were between t h e  
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3.2.2 Lepara tors .  The separa tors  i n  t h e  c o n t r o l  c e l l s  showed no 
s igns -<f  physical  degradation. They were white i n  c o l o r ,  were 
e a s i l y  removed from t h e  electrode-separator  assembly, and they  
were q u i t e  f l e x i b l e .  
been subjected t o  e i t h e r  a f l o a t  o r  open c i r c u i t  condi t ion f o r  
varying lengths  of t h e  then placed on l i f e  cycle  t e s t  a l l  
showed s igns  of degradation. Some of t h e s e  c e l l s  had been 
hea t  s t e r i l i z e d  and some had not .  
t hese  c e l l s  were s tuck  t o  t h e  e l ec t rodes  i n  numerous p laces .  
This adherence was var ied  i n  t h e  degree but  was continuous along 
t h e  l eng th  of the e lec t rodes .  Also,  it was  noted t h a t  both s i d e s  
o f  t h e  separators  i n  these  c e l l s  were black i n  co lor .  It i s  
presumed t h e  black co lor  was a c t i v e  material from both  e l ec t rodes  
e i t h e r  imbedded o r  s tuck t o  t h e  sepa ra to r  sur faces .  This 
depos i t ion  o f  ac t ive  ma te r i a l s  on t h e  sepa ra to r  su r faces  was not  
uniform as shown by v a r i a t i o n s  i n  t h e  black co lor .  
of s epa ra to r s ,  it appeared t h a t  i n  some s p o t s ,  t h e  b lack  depos i t s  
had penetratedcompletely through t h e  separa tor .  
were viewed through a binocular  microscope but  complete penetra- 
t i o n  of black depos i t s  through t h e  sepa ra to r  could not  be 
confirmed. 
warping. 

The sepa ra to r s  from t h e  c e l l s  which had 

A l l  of t h e  sepa ra to r s  from 

I n  a number 

These spo t s  

A l l  separa tors  i n  t h e s e  c e l l s  showed some degree of 

The sepa ra to r  i n  t h e  c e l l s  which were s t e r i l i z e d  a t  70% and 
100% charge were severe ly  degraded. 
charged c e l l  had some degree of con t inu i ty  but  t h a t  f r o m  t h e  
100% charged c e l l  was discontinuous.  The separa tor  material 
i n  these  c e l l s  was very b r i t t l e  and flaky. The sepa ra to r  i n  
t h e  30% charged c e l l  was continuous but  showed evidence o f  
degradat ion i n  t h a t  it was warped and more b r i t t l e  t han  t h e  
separa tor  i n  t h e  c o n t r o l  c e l l .  

The separa tor  from t h e  70% 

The visual inspect ion of t h e  separa tors  from t h e  c e l l s  t e s t e d  
during t h e  f a i l u r e  ana lys i s  program showed t h a t  a l l  t h e  separa tors  
except those f r o m  t h e  con t ro l  c e l l s  were degraded t o  some degree 
regard less  o f  the pre- fa i lure  ana lys i s  tes t  condi t ion.  Except 
f o r  c e l l s  which had been s t e r i l i z e d  i n  t h e  p a r t i a l l y  o r  fu l ly  
charged state (which showed a high degree of s epa ra to r  degrada- 
t i o n )  t h e r e  was l i t t l e  o r  no v i s u a l  d i f f e rence  between t h e  
separa tors  from c e l l s  which had been s t e r i l i z e d  and those  which 
had not .  

Figures  2 ,  4 ,  6,  and 8 show photographs of t h e  separator-electrode 
assemblies as  they were when removed from t h e  case f o r  c e l l s  
S/N 2958 ( con t ro l ) ,  2985 (no s t e r i l i z a t i o n ,  f l o a t  230 days,  
l i f e  cyc led) ,  2986 ( s t e r i l i z e d ,  f l o a t  230 days,  l i f e  cycled) 
and 3028 ( s t e r i l i z e d  a t  100% charge,  l i f e  cycled) r e spec t ive ly .  
Note t h e  adherence of f ib rous  sepa ra to r  material t o  t h e  e l ec t rodes  
f o r  those c e l l s  f l o a t  charged f o r  230 days,  t hen  l i f e  cycled f o r  
both t h e  s t e r i l i z e d  and non-s te r i l i zed  c e l l s  (Figures  4 and 6 ) .  
This was noted on a l l  c e l l s  except t h e  con t ro l  c e l l  (Figure 2) 
i n  which t h e r e  was no adhering sepa ra to r  m a t e r i a l ,  and t h e  c e l l s  
which Were s t e r i l i z e d  i n  t h e  p a r t i a l l y  o r  ful ly  charged s ta te  
(Figure 8) where t h e  separa tor  w a s  p a r t i a l l y  destroyed. 
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Figures  3 ,  5 ,  7 ,  and 9 show t h e  sepa ra to r s  from c e l l s  
S/N 2958, 2985, 2986, and 3028. 
(Figures  5 and 7) (presumed t o  be adherence of a c t i v e  e l ec t rode  
material t o  separa tor )  on t h e  sepa ra to r s  from t h e  c e l l s  
which had been f loat  charged f o r  230 days,  then  l i f e  cycled 
f o r  both s t e r i l i z e d  and non-s te r i l i zed  c e l l s .  These dark 
spo t s  were noted on t h e  separa tors  f r o m  all t h e  c e l l s  except 
t h e  con t ro l  c e l l  (Figure 3) and those c e l l s  s t e r i l i z e d  i n  t h e  
p a r t i a l l y  o r  f u l l y  charged s t a t e  (Figure 9).  
c e l l s ,  framents of t h e  sepa ra to r  were found adhering t o  t h e  
e l ec t rode  surface a s  seen i n  Figure 9. 

Note t h e  dark spo t s  

For these  l a t t e r  

Separator  Test i n q  

The separa tors  f r o m  c e l l s  s e l ec t ed  f o r  f a i l u r e  ana lys i s  were subjected 
t o  t e n s i l e  s t r e n g t h ,  r e s i s t i v i t y ,  and dimensional t e s t i n g  t o  determine, 
i f  any, t h e  e f f e c t  of heat s t e r i l i z a t i o n  on sepa ra to r  c h a r a c t e r i s t i c s .  
The r e s u l t s  of t hese  tes ts  a r e  described below. 

3.3.1 Tens i le  S t rength  o f  Separator .  
a Hunter Tes te r  Model TT-H. 
design. 
present  i n  t h e  sepa ra to r ,  100 g r i t  sandpaper was a f f ixed  t o  
t h e  g r i p  sur faces  t o  prevent s l ippage.  
t h e  ra te  of t r a v e l  of t h e  non-stationary g r i p  was f o u r  inches 
per  minute i n  a l l  tests.  
1 inch f o r  t h e  1" x 3" tes t  samples and l/f+ inch  f o r  t h e  1" x 2" 
t e s t  samples. 
l ong i tud ina l  axis of t h e  sepa ra to r  and t h e  1" x 2" samples were 
cu t  a t  r i g h t  angles t o  t h e  long i tud ina l  a x i s  of t h e  separa tor .  
Three samples of each s i z e  were t e s t e d  and they  were cu t  from each 
sepa ra to r  a t  spec i f ied  pos i t i ons  s o  a comparison between sepa ra to r s  
could be made. The se l ec t ed  pos i t i ons  were chosen s o  v a r i a t i o n s  
within any one separator  ccluld be observed. 
pos i t i ons  of t h e  t e s t  sample (T1 ----- T ) i n  r e l a t i o n  t o  t h e  
complete separator  a r e  shown i n  Figure %O. The r e s u l t s  of 
t h e  t e s t i n g  are presented i n  Table 1. 

The t e n s i l e  t es t s  were made on 
The g r i p s  of t h e  t e s t e r  were of TElW 

Because some potassium hydroxide (KOH) was s t i l l  

The tes t  speed, t h a t  i s ,  

The d i s t ance  between t h e  g r i p s  was 

The 1" x 3" tes t  samples were cu t  along t h e  

The r e l a t i v e  

An ana lys i s  of the d a t a  shows t h e  following: 

1) I n  a l l  ca ses ,  t h e  t e n s i l e  s t r eng th  of s epa ra to r s  i n  c e l l s  
which had been subjec ted  t o  t h e  heat  s t e r i l i z a t i o n  t reatment  
were lower than those  which were not hea t  s t e r i l i z e d .  

2) There was a s l i g h t  v a r i a t i o n  (approximately 1.27 Kg.) i n  
t h e  t e n s i l e  s t rength  of t h e  same s i z e  t es t  sample f o r  any 
given separa tor  i n d i c a t i n g  t h e  p o s s i b i l i t y  of a non-uniform 
separa tor .  
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3 . 3 . 1  Continued 
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3) I n  genera l ,  the  smaller s ize  t e s t  samples ( T  4' T y  al-ld T6 
i n  Table 1)had on t h e  average a 20% lower t ens i l e  s t r e n g t h  
than t h e  l a r g e r  tes t  samples (T 

from t h e  same separa tor .  This could be a t t r i b u t e d  t o  t h e  
f a c t  t h a t  the  d i f f e r e n t  s i ze  t e s t  samples were cut  from t h e  
sepa ra to r  at r i g h t  angles  t o  one another  and might be a 
func t ion  of the  g ra in  of t h e  sepa ra to r ,  o r  it could be a 
func t ion  of the  d i s t ance  between t h e  g r i p s  descr ibed above. 

T2, and T i n  Table I) 1' 3 

Resistivity of Separator .  
us ing  an apparaturs  similar t o  t h a t  shown on page 55 of  "Bat tery 
Separator  Screening Methods11 by Cooper and F le i sche r .  
cur ren t  method was used. 
were used as t h e  re ference  e lec t rodes  and p a r t i a l l y  charged 
cadmium p l a t e s  were used as t h e  working e l ec t rodes .  
a r ea  of t h e  separator  exposed i n  t h e  t e s t  apparatus  was  1.27 ern . 
The t e s t i n g  was conducted i n  a C02 f r e e  enclosure and t h e  

e l e c t r o l y t e  used i n  t h e  t es t  apparatus was 1.3 Sp. G r .  KOH 
prepared us ing  C02 free  d i s t i l l e d  water.  

s epa ra to r  were subjected t o  r e s i s t i v i t y  t e s t i n g .  A s  was t h e  
case f o r  t h e  t e n s i l e  t e s t ,  t h e  t e s t  samples were taken from 
spec i f i ed  pos i t ion  of each separa tor  so  a comparison between 
sepa ra to r s  could be made. Three samples were taken from each 
sepa ra to r  t o  determine t h e  v a r i a t i o n  of res i s t iv i ty  wi th in  
any one separator .  The r e l a t i v e  pos i t i on  of t h e  t es t  samples (5 --- 5 )  i n  r e l a t i o n  t o  t h e  complete sepa ra to r  a r e  shown i n  

Figure 10. A s  can be seen from Figure- 10, a l l  r e s i s t i v i t y  samples 
were cu t  along the  long i tud ina l  a x i s  of  t h e  separa tor .  The d a t a  
f o r  t h e  r e s i s t i v i t y  t e s t i n g  a r e  presented i n  Table 1. 

The r e s i s t i v i t y  t e s t i n g  was made 

A d i r e c t  
Mercury/mercury oxide e l ec t rodes  

The surfacs 

Three samples of each 

A s  can be seen from t h e  d a t a ,  t h e r e  i s  a considerable  v a r i a t i o n  
i n  t h e  res is t ivi ty  measurement f o r  any one separa tor .  
t h e r e  i s  no co r re l a t ion  between the  measured r e s i s t i v i t i e s  and 
s t e r i l i z a t i o n ,  t h a t  i s ,  t h e  separa tors  from c e l l s  which had been 
s t e r i l i z e d  showed r e s i s t i v i t i e s  both higher  and lower than  those  
from non-ster i l ized c e l l s .  The i r r e g u l a r i t i e s  o r  v a r i a t i o n s  
noted i n  t h e  r e s i s t i v i t y  measurements could be a t t r i b u t e d  t o  
t h e  following : 

Also, 

1) Non-uniform thickness  of separa tor  caused by i t s  va r i ed  
degree of adherence along t h e  e l ec t rode  sur faces .  The 
non-uniformity i n  th ickness  was confirmed by th ickness  
measurements made on t h e  r e s i s t i v i t y  samples which are 
presented i n  tde fol lowing sec t ion .  
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3.3.2 Continued 

2) Non-uniform deposfttun of active electrode materials on 
the separator surfaces. 
discussed in the section on visual observation of separator 
of this report. 

This non-uniform deposition was 

3 . 3 . 3  Dimensional Measurement of Separator. In addition to the tests 
called out in the work statement, measurements were made of the 
separator thickness and width. 
the separator between two pieces of glass microscope slide and 
measuring the thickness of this assembly with a micrometer. 
The separator thickness was obtained by subtracting the thickness 
of the two pieces of glass microscope slide. Each sample was 
measured in three different places. The pieces of microscope 
slide measured one inch by 1-7/16 inch. 
were made on each of the samples cut from the separators for the 
resistivity testing (%, R2, R 
the separator not subjected to any testing (outer and inner wrap 
in Table 2). 
outside and inside separator wrap covered by the glass microscope 
slide was 1.44 sq. inches. The separator width was measured 
using a metal ruler graduated in 1/32 of an inch. 
measurements were made on the resistivity samples as they were 
cut along the length of the separator. 
separator thickness and width are given in Table I1 and Table I11 
respectively. Figure 11 is a plot of the average thickness of 
the resistivity samples versus resistivity. As can be seen 
from the plot, there is a considerable spread, and there seems 
to be no correlation between separator thickness and resistivity. 
However, the plot of variation in thickness of resistivity 
samples versus cell number (Figure 12) shows a greater spread 
in thickness and greater thicknesses for separators of cells 
which had been subjected to heat sterilization. As mentioned 
previously, this larger and higher spread in separator thickness 
is not reflected by the resistivity measurements. However, 
the effect of variation of thickness could possibly be masked 
by the effect of adherence of active electrode materials to 
the separator surface. 

Thickness was measured by placing 

Thickness measurements 

in Table 2) and the portions of 3 

The area covered by the microscope slide on the 

No width 

The data for the 

3 -4  Electrolyte Chemical Analysis 

The leaching of the electrolyte (1.3 Sp. G r .  KOH) from the separator- 
electrode assemblies was done in a carbon dioxide (CO )-free enclosure 
and the leach solution used was boiled, CO -free, water. These 
precautions were necessary as the leach sofution was subsequently 
analyzed for carbonate (CO =), and hydroxide (OH-) content. 
present during the leaching process would have reacted with cell 
electrolyte forming carbonate which would have given erroneous results. 
Several methods for leaching the electrolyte (which would account for 
some variation in the data) were tried. 
satisfactory was as follows: 

2 

Any C02 3 

The method found to be most 
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TABLE I11 
DATA SUMMARY OF SEPARATOR WIEl" 

Width Measured Average 
(Inches) Width 

SamDle 1 2 30 
Sample destroyed i n  t r i t r a t i o n  fo r  KOH and K2CO3 

Inner Wrap 2 2 2 2 
Outer Wrap (Large) 2 2 2 2 
Outer Wrap (Small) 2 2 2 2 

Cell  
No. 

2978 

2958 

- Ramarks 

Control 

Control 

3028 

3038 

3046 

Separator destroyed by heat s t e r i l i z a t i o n  

Separator destroyed by heat s t e r i l i z a t i o n  

131/32 
1 31/32 
131/32 

2 
1 31/32 
131/32 

2 
2 
2 

2 
131/32 
1 31/32 

2 
1 31/32 

2 

131/32 
131/32 
1 31/32 

2 
2 
2 

1 31/32 
1 31/32 
1 61/64 

131/32 
1 31/32 

2 
2 
2 

2 
1 31/32 
1 31/32 

2 

2 

1 31/32 
1 31/32 
1 31/32 

2 
2 
2 

1 6 3 / 6 4  

163 /64  

Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

Heat s t e r i l i z e d  a t  40% 
charge, l i f e  t e s t  

3 027 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

Heat s t e r i l i z e d  a t  0% 
charge, l i f e  t e s t  

2970 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Smal l )  

No s t e r i l i z a t i o n ,  f l o a t  
19 days, l i f e  tes t  

2971 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

Heat s t e r i l i z e d  a t  0% 
charge, f l o a t  19 days,  
l i f e  t e r t  

299.4 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

No s t e r i l i a n t i o n ,  open 
c i r c u i t  19 days, l i f e  
t e s t  

299 6 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

Heat s t e r i l i z e d  a t  0% 
charge, open c i r c u i t  
19 days, l i f e  test 

2985 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (Small) 

No s t e r i l i z a t i o n ,  f l o a t  
230 days, l i f e  t es t  

131/32 131/32 1 31/32 131/32 
131/32 1311'32 131/32 131/32 
131/32 131/32 1 31/32 131/32 

2986 Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (small) 

Heat s t e r i l i z e d  a t  0% 
charge, f l o a t  230 days,  
l i f e  t e s t  

3008 

3012 
0 

2 2 1/32 2 1/32 2 1/& 
2 2 2 2 
2 2 2 2 

Inher Wrap 
Outer Wrap ( k r g e )  
Outer Wrap (Small) 

No s t e r i l i z a t i o n ,  open 
c i r c u i t  230 days,  l i f e  
t e s t  

Inner Wrap 
Outer Wrap (Large) 
Outer Wrap (small) 

Heat s t e r i l i z e d  a t  0% 
charge, open c i r c u i t  
230 days, l i f e  t e s t  1 30/32 1 30/32 1 30/32 130/32 
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TABLE I11 
DATA SUMMARY OF SEPARATOR WIDTH (Continued) 

Width Measured Average 
Cel l  (Inches) Width 

No. Sample 1 2 3 ( I n . >  Remarks 

3017 Inner Wrap 2 2 2 2 No s t e r i l i z a t i o n ,  l g f e  
Outer Wrap (Large) 2 2 2 2 cycled, character izat ion 
Outer Wrap (Small) 2 2 2 2 tes t  

3022 Inner Wrap not enough t o  measure Heat s t e r i l i z e d ,  l i f e  
Outer Wrap (Large) 1 7/8  I 7 /8  --- 1 7/S cycled , character izat ion 
Outer Wrap (Srna~_l> 1 7 1 8  1 7 / 8  1 7 / 8  t e s t  

2732 Inner Wrap 2 2 2 2 Special  cell+$ 
Outer Wrap (Large) 2 2 2 2 
Outer Wrap (Small) 2 2 2 2 

% e l l  manufactured with unmatched p la tes ,  was not  formed a t  time of manufacture, and 
a vacuum f i l l  technique was used f o r  the addition of the e lec t ro ly te .  
mately 1 year, c e l l  was s t e r i l i z e d  and formed by JPL. 
was cycled 15 times p r i o r  t o  s t e r i l i z a t i o n .  

After approqf- 
After formation, the c e l l  

8 



Average Thickness (Thousandth of Inch) 
~ ~ ~~ 
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3 -4 Continued 

The c e l l  with t o p  and bottom removed was placed i n  an up r igh t  post ion 
i n  a funne l ,  and approximately 300 cc of C02-free water was poured 
through it. 
funne l l ed  i n t o  a 406 cc beaker.  
funne l  and t h e  s i d e  of t h e  c e l l  case c u t  open and t h e  separator-electrode 
assembly removed. The assembly was t hen  completely unwrapped, rewrapped 
i n  a loose  configurat ion,  and placed i n  t h e  beaker containing t h e  l e a c h  
s o l u t i o n  f o r  1 hour. 
e l ec t rode  assembly allowed b e t t e r  pe rco la t ion  of l each  s o l u t i o n  through 
t h e  assembly. 
removed and placed i n  a 400 c c  beaker containing approximately 300 cc 
of f r e s h  C02-free water. The assembly was removed and t h e  s e p a r a t o r  
and p l a t e s  subjected t o  t h e i r  r e spec t ive  t e s t s .  The contents  of t h e  
two beakers ,  each containing approximately 300 cc of l each  s o l u t i o n ,  
were d i l u t e d  t o  500 cc i n  v o l  

The C O  -free water containing any leached e l e c t r o l y t e  was 
The c e l l  was t hen  removed from t h e  

The unwrapping and rewrapping of t h e  separator-  

A f t e r  l h o u r  i n  t h e  l e a c h  s o l u t i o n ,  t h e  assembly was 

r i c  f l a s k  and analyzed f o r  KOH and 
K CO using a method by Vogel Y 3  . 

2 3  

The d a t a  f o r  t h e  ana lys i s  are presented i n  Table 1. A s  can be seen by 
t h e  d a t a ,  t h e r e  i s  a variance between c e l l s  t e s t e d  which could poss ib ly  
be due t o  a l t e r a t i o n s  made i n  t h e  l each ing  process.  What i s  noteworthy 
i s  t h e  f a c t  t h a t  a l l  the c e l l s  showed a high concentrat ion of carbonate 
r e l a t i v e  t o  hydroxide. There was l i t t l e  d i f f e rence  i n  t h e  carbonate 
content between c e l l s  which had been s t e r i l i z e d  and those  which had n o t .  
Also,  t h e  c o n t r o l  c e l l  (S/N 2958) which had no t  been s t e r i l i z e d  bu t  
had been on open c i r c u i t  s tand f o r  1 y e a r  a t  78'F showed a carbonate 
content comparable t o  c e l l s  which had been s t e r i l i z e d  and subjected t o  
t h e  var ious tests o f  the cycle  l i f e  program (Phase I) .  
which had f a i l e d  during t h e  cycle  l i f e  program and sub jec t  t o  failure 
a n a l y s i s  program a l s o  showed comparable carbonate content .  The results 
of t h i s  a n a l y s i s  show t h a t  t h e r e  was  l i t t l e  o r  no carbonate formation 
{ r e s u l t i n g  poss ib ly  from sepa ra to r  degradation) during s t e r i l i z a t i o n  
because e s s e n t i a l l y  t h e  same amount was found i n  both s t e r i l i z e d  and 
non-ster i l ized c e l l s .  
of changes i n  t h e  leaching process and experimental e r r o r .  

The c e l l s  

The noted d i f f e r e n c e s  a r e  probably a r e s u l t  

There was considerable  v a r i a t i o n  of t h e  carbonate from c e l l  t o  c e l l  
and no d e f i i t e t r e n d  of t h e  e f f e c t  of carbonate could be e s t ab l i shed .  
A comparison of t h e  carbonate content of only those c e l l s  which 
had been on open c i r c u i t  o r  f l o a t  charge p r i o r  t o  l i f e  cycl ing 
during Phase I ,  shows t h a t  c e l l s  subjected t o  heat  s t e r i l i z a t i o n  
had an average carbonate content  of 2.52 g . w h i l e  t hose  no t  s t e r i l i z e d  
had 2.17 g.  carbonate.  
c e l l s  was 3.96 ampere hours f o r  those subjected t o  s t e r i l i z a t i o n  
and 4.67 ampere hours f o r  non-ster i l ized c e l l s .  Thus, a higher  
carbonate content was associated with a lower p l a t e  capaci ty .  However, 

The average p l a t e  capaci ty  f o r  t h e s e  same 

(1) Vogel, Q u a n t i t a t i v e  Inorganic Analysis ,  John Wiley and Sons, I n c . ,  
Third E d i t i o n ,  1961, pages 249 - 251. 
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3.4 Continued 

comparison of t hese  same s t e r i l i z e d  c e l l s  with t h e  con t ro l  c e l l  
S/N 2958 ( c o n t r o l  c e l l  S/N 2978 i s  not  considered because it 
was t h e  f i rs t  attempt a t  analyzing t h e  e l e c t r o l y t e  and t h e  l each  
process was inadequate) shows t h e  c o n t r o l  c e l l  has a carbonate 
content approximately 23% higher  than  t h e  average of t h e  s t e r i l i z e d ,  
float-open c i r c u i t  stand c e l l s ,  and a p l a t e  capaci ty  t h a t  was 9.3% 
higher .  This i nd ica t e s  t h e  oppos i t e ,  or h i g h e r ,  carbonate content  
r e f l e c t s  i t se l f  i n  inc reas ing  t h e  p l a t e  capaci ty .  
t h e  non- s t e r i l i zed  c e l l s  with t h e  c o n t r o l  again i n d i c a t e  t h e  h ighe r  
carbonate r e f l e c t s  i t s e l f  i n  lowering t h e  p l a t e  capaci ty .  Although 
t h e  carbonate content of t h e  e l e c t r o l y t e  undoubtedly had some e f f e c t  
on c e l l  capaci ty  and .p l a t e  performance, t h e  v a r i a t i o n  i n  carbonate 
content from c e l l  t o  c e l l  w a s  wide and contradictory. 

Comparison of 

3.5 E lec t rodes  - Pla t e  Test ing 

After  t h e  sepa ra to r  was removed from t h e  electrode-separator  assembly 
f o r  i n spec t ion  and t e s t i n g ,  another p i ece  of s epa ra to r  material 
(Webril EM470) was i n s e r t e d  between t h e  e l ec t rodes  t o  provide p h y s i c a l  
s epa ra t ion  of t h e  p l a t e s  i n  t h e  s p i r a l  configurat ion.  This assembly 
was put  i n  a g l a s s  container and placed i n  t h e  CO - f r ee  enclosure.  A 
potassium hydroxide so lu t ion  (prepared us ing  C02-?ree d i s t i l l e d  water) 
having a s p e c i f i c  g rav i ty  of 1.296 a t  26OC was poured i n t o  t h e  j a r  s o  
t h a t  it covered t h e  electrode-separator  assembly completely. A mercury/ 
mercury oxide reference e l e c t r o d e  w a s  used s o  t h a t  t h e  vo l t age  of each 
e l ec t rode  could be obtained during t h e  charge and discharge cyc le .  
p o t e n t i a l  d i f f e r e n c e  between t h e  e l e c t r o d e s ,  t h a t  between t h e  n i c k e l  
and t h e  reference e l ec t rode ,  t h a t  between t h e  cadmium and t h e  
reference e l ec t rode  and t h e  cu r ren t  were recorded on a mul t ipo in t  
s t r ip -cha r t  r eco rde r  throughout t h e  charge-discharge cycle .  The c e l l s  
were charged a t  a constant cu r ren t  of 400 m a  f o r  16.5 hours ( t h r e e  
c e l l s ,  S/"s 2978, 3027 and 3046 were i n a d v e r t e n t l y  stopped s h o r t  of  
16.5 hours charge t ime).  They were discharged a t  a constant  c u r r e n t  
of 800 ma t o  an end-of-discharge vol tage of 0.6 v o l t .  This was 
t h e  same end-of-discharge as used i n  t h e  Phase I t e s t i n g .  It was 
r e a l i z e d  t h a t  t h i s  end-of-discharge vol tage f o r  p l a t e  t e s t i n g  i n  
t h e  flooded condi t ion with r e s p e c t  t o  e l e c t r o l y t e  might not  r ep resen t  
p r e c i s e l y  t h e  same s t a t e  of discharge as t h e  Phase I t e s t i n g  with 
t h e  c e l l s  i n  t h e  starved cond i t ion  with r e spec t  t o  e l e c t r o l y t e .  
However, it was assumed t h a t  any d i f f e rence  r e s u l t i n g  from t h e  use  
of t h e  same end-of-discharge vol tage f o r  p l a t e  t e s t i n g  i n  t h e  
flooded condi t ion vs. t h e  c e l l  t e s t i n g  i n  t h e  s t a rved  condi t ion would 
be within experimental e r r o r .  
of Table 1, a l l  c e l l s  showed c a p a c i t i e s  comparable t o  those  p r i o r  
t o  s t e r i l i z a t i o n  (cycle  t e s t i n g  p r i o r  t o  Phase I s t e r i l i z a t i o n )  
and considerably higher t han  those  a t  t h e  300th cycle  of Phase I .  
There i s  no not iceable  e f f e c t  of open c i r c u i t  or f l o a t  charge s t and  
t ime on p l a t e  capaci ty  as determined by t h e  t e s t  (flooded cond i t ion ) .  
Neglecting c e l l  S / N  3022 which developed a s h o r t  ( t h i s  c e l l  t o  be 
.discussed i n  a l a te r  sec t ion )  t h e  s t e r i l i z e d  c e l l s  showed a 14% 
reduct ion i n  p l a t e  capacity when compared with t h e  non- s t e r i l i zed  c e l l s .  

The 

A s  can be seen from t h e  capac i ty  d a t a  



3.5  C on t inue d 

The e f f e c t  of s t a t e  of  charge a t  t h e  t i m e  of s t e r i l i z a t i o n  on t h e  
flooded p l a t e  capaci ty  w a s  n o t  c l e a r  c u t .  P l a t e  c a p a c i t i e s  of 
4 .29,  4.60, 4.43 and 3.99 ampere hours were r e a l i z e d  a t  0, 30, 
70 and 100% s t a t e  o f  charge r e spec t ive ly .  Thus t h e r e  appears t o  
be a n  i nc rease  i n  p l a t e  capac i ty  f o r  0 t o  30% s t a t e  of charge, 
then a decrease from 30 t o  100%. However, t h e  low capac i ty  ob- 
served (4.29 ampere hours) f o r  t h e  0% s t a t e  of charge c e l l  might 
have r e s u l t e d  from the 300 cycles  t h i s  c e l l  experienced as compared 
t o  1 cycle  experienced by t h e  30, 70, and 100% state of charge 
c e l l s .  Thus i f  one assumes t h e  capac i ty  degradation of t h e  0% 
state  of charge c e l l  r e s u l t e d  from cycl ing,  then d a t a  shows a 
d e f i n i t e  degradat ion 'of  capac i ty  as t h e  s t a t e  of charge inc reases  
a t  time of s t e r i l i z a t i o n .  It i s  i n t e r e s t i n g  t o  no te  t h a t  t h e  
average output capaci ty  of t h e  h e a t  s t e r i l i z e d  c e l l s  was approx- 
imately equal t o  t h a t  of t h e  c o n t r o l  c e l l s .  

Figures 13 through 26 p resen t  t y p i c a l  h a l f  cycle charge and d i s -  
charge vol tage curves, o f  s e l e c t e d  c e l l s ,  obtained during t h e  p l a t e  
t e s t i n g .  
c e l l s  t e s t e d .  
i s  l i m i t i n g  on discharge. This l i m i t i n g  e f f e c t  of t h e  n i c k e l  
e l ec t rode  was observed on a l l  c e l l s  t e s t e d .  There w a s  l i t t l e  
d i f f e rence  observed between c e l l s  which had been s t e r i l i z e d  and 
those which had no t ,  except t h e  c a p a c i t i e s  of c e l l s  which had been 
s t e r i l i z e d  were approximately 4% lower than t h a t  of those which 
had n o t .  
i n g  e l ec t rode  on charge w a s  n i cke l .  
c e l l s ,  t he  cadmium contr ibuted s l i g h t l y  t o  the  l i m i t  on charge. 
e f f e c t  w a s  a gene ra l  observation f o r  a l l  c e l l s  t e s t e d .  
n i c k e l  e l ec t rode  contr ibuted t o  t h e  l i m i t  on charbe and was t h e  p r i -  
mary l i m i t i n g  e l ec t rode  on discharge,  and furthermore,  t h e  s t e r i l i z e d  
c e l l s  showed p l a t e  c a p a c i t i e s  L!+% lower than non- s t e r i l i zed  c e l l s ;  
i t  appears t h a t  s t e r i l i z a t i o n  r e s u l t e d  i n  some degradation of t h e  
n i c k e l  e l e c t r o d e .  

These curves are t y p i c a l  of t h e  curves obtained for a l l  
A s  can be seen from t h e  d a t a ,  t he  n i c k e l  e l ec t rode  

The d a t a  shows t h a t  i n  a l l  c e l l s  t e s t e d ,  t h e  major l i m i t -  
It was a l s o  noted t h a t  i n  some 

This 
Since t h e  

Figures 2 1  and 22 present  t h e  charge and discharge h a l f  cycle re- 
s p e c t i v e l y  f o r  c e l l  S/N 3008 which had been charged t o  t h e  p o i n t  of 
gassing on t h e  cadmium e lec t rode .  For comparative purposes, Figures 
19  and 20 p resen t  t h e  normal charge and discharge h a l f  cycle  f o r  t h e  
same c e l l .  A comparison of t hese  two s e t s  of curves shows l i t t l e  
d i f f e rence  i n  measured c a p a c i t y  or l i m i t i n g  e f f e c t  of e l e c t r o d e s .  
The only observed d i f f e rence  i s  t h e  end o f  charge vol tage which was 
approximately 1.66 f o r  t h e  h a l f  cycle charge which was taken t o  t h e  
p o i n t  of gassing on the cadmium e lec t rode  and 1.49 v o l t s  f o r  t h e  
normal charge cycle .  
f o r  c e l l  S/N 3012. 
condi t ions as c e l l  S/N 3008 during Phase I t e s t i n g  except it had 
been subjected t o  s t e r i l i z a t i o n  and c e l l  S/N 3008 had not .  The same 
gene ra l  observation concerning capac i ty ,  l i m i t i n g  e f f e c t  of e l e c t r o d e s  
and end-of-charge voltage apply t o  d a t a  f o r  c e l l  S/N 3012 as app l i ed  
t o  c e l l  S/N 3008. 

Figures 23 through 26 p resen t  similar t e s t  d a t a  
This c e l l  had experienced the  same se t  of t e s t  
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4.0 CELL S/N 3022 FAILURE ANALYSIS TESTING 

This c e l l  had been subjected t o  t h e  hea t  s t e r i l i z a t i o n  cyc le s  of 
Phase I and was l i f e  cycled only during t h i s  phase. I n  a d d i t i o n ,  
t h e  c e l l  was subjected t o  e l e c t r i c a l  performance i n v e s t i g a t i o n  of 
Phase I11 t e s t i n g .  
t h e  average output capaci ty  of comparable c e l l s  during t h e  Phase I 
and III t e s t i n g .  
comparable c e l l s  j u s t  p r i o r  t o  i n i t i a t i o n  of f a i l u r e  a n a l y s i s  t e s t i n g .  
During t h e  p l a t e  capaci ty  t e s t i n g  t h e  c e l l  would no t  accept a charge. 
The fol lowing s e c t i o n s  p re sen t  t h e  t e s t  r e su l t s  of t h e  f a i l u r e  
analysis on c e l l  S/N 3022. 

This c e l l  d i d  no t  show any l a r g e  dev ia t ion  from 

The c e l l  d i d  show about 20% l e s s  capac i ty  t h a n  

4.1 Impedan c e 

The impedance of t h i s  s t e r i l i z e d  c e l l  was r a t h e r  high (200 mil l iohms),  
but i n  c o n t r a s t  t o  t h e  o t h e r  c e l l s  t e s t e d  t h a t  showed a 200+ milliohm 
impedance and zero capaci ty  j u s t  p r i o r  t o  f a i l u r e  a n a l y s i s ,  t h i s  c e l l  
exh ib i t ed  a 2.24 ampere hour capaci ty .  
s t e r i l i z e d  bu t  comparable i n  regard t o  t e s t  h i s t o r y  a l s o  exh ib i t ed  a 
high impedance (250 milliohms) b u t  zero capac i ty  just  p r i o r  t o  failure 
a n a l y s i s .  

C e l l  S/N 3017 which was not  

This  i s  contrary t o  t h e  g e n e r a l i z a t i o n  made e a r l i e r .  

4.2 Visual  Observations 

4.2.1 Case, Leads, I n s u l a t o r .  Upon removal of t h e  electrode-separator  
assembly f r o m  the  c e l l  case it w a s  noted t h a t  t h e  p o s i t i v e  
(n i cke l )  l e a d  was ve ry  l o o s e l y  a t t ached  t o  t h e  p l a t e  and was 
p a r t i a l l y  destroyed. 
with t h e  p l a t e  had been damaged by h e a t  poss ib ly  generated by 
a s h o r t .  
assembly as removed from t h e  c e l l . )  
a l a r g e  amount of  hea t  was  generated i n  t h e  v i c i n i t y  of t h e  
l e a d  and n i c k e l  p l a t e  j unc t ion  was shown by t h e  cond i t ion  of 
t h e  t h r e e  Teflon i n s u l a t o r s  on t o p  of t h e  c e l l .  The bottom 
insu la to r ,  ( I n s u l a t o r  1 Figure 28) of t h e  t o p  3 ,  which was i n  
con tac t  with t h e  t o p  of t h e  electrode-separator  assembly, 
was charred and p a r t  of it had been destroyed or had melted.  
Theosoftening or f low temperature of FEP Teflon i s  between 
500 and 550 F. The o t h e r  two i n s u l a t o r s  on t o p  of t h e  
electrode-separator assembly bu t  f u r t h e r  removed from i t  
were a l s o  charred and p a r i t a l l y  destroyed bu t  t o  a l e s s e r  
degree ( I n s u l a t o r s  2 and 3 Figure 28).  
purposed, i n s u l a t o r  4 of Figure 28 i s  t h e  i n s u l a t o r  which 
was between t h e  electrode-separator  assembly and t h e  c e l l  
bottom. A l s o ,  the  sepa ra to r  i n  t h i s  c e l l  was  below t h e  
t o p  edge of t h e  p l a t e s  (See Figure 27) while t h e  s e p a r a t o r  
i n  a l l  o t h e r  c e l l s  t e s t e d  extended above t h e  t o p  edge of 
t h e  p l a t e s  (See Figure 2 ) .  Whether t h e  sepa ra to r  shrank 
from heat  or whether t h e  sepa ra to r  e l ec t rode  assembly was 

. f a b r i c a t e d  t h i s  way i s  not  known. Regardless of how t h e  
p l a t e s  became extended above t h e  s e p a r a t o r ,  it could have 
allowed shor t ing  between p l a t e s .  

It appeared t h a t  t h e  l e a d  a t  t h e  junc t ion  

(Figure 27 i s  a p i c t u r e  of t h e  electrode-separator  
Further  evidence t h a t  

For comparative 
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4.2.1 Continued 

4.3 

4.2.2 

The case o f  t h i s  c e l l  a l s o  showed t h e  black co r ros ion  
product on t h e  i n s i d e  of both t h e  c e l l  t op  and bottom 
t h a t  had been observed i n  a l l  t h e  c e l l s  t e s t e d .  
t h e  d e p o s i t ,  by v i s u a l  i n s p e c t i o n ,  i n  t h i s  c e l l  was more 
no t i ceab le  and extended about halfway down t h e  s i d e  of 
t h e  case.  

However, 

Separator .  The s e p a r a t o r  from t h i s  c e l l  i s  shown i n  
Figure 29. 
along i t s  e n t i r e  l e n g t h  was b r i t t l e  and hard and was 
adhering t o  t h e  cadmium p l a t e  i n  s e v e r a l  spo t s  with such 
f o r c e  t h a t  i t ' p r e v e n t e d  i t s  removal i n  one p i e c e ,  as shown 
i n  Figure 29. 
c e l l ,  mentioned i n  s e c t i o n  4.1.1, a c t u a l l y  melted and 
flowed i n t o  t h e  t o p  of t h e  s e p a r a t o r  and s o l i d i f i e d ,  r e s u l t i n g  
i n  t h e  observed adherence of s epa ra to r  t o  t h e  cadmium p l a t e  
and i t s  hardness. 

The t o p  1/4 inch  of t h e  sepa ra to r  i n  t h i s  c e l l  

It i s  poss ib l e  t h a t  t h e  i n s u l a t o r s  o f  t h i s  

Sepa ra to r  T e s t i n g  

4.3.1 Tens i l e  S t r eng th ,  R e s i s t i v i t y  and Dimensional Tests. The 
t e n s i l e  s t r eng th  f o r  t h e  1" x 3" t e s t  sample was about 3 Kg. 
higher  t han  t h e  average of t h e  o t h e r  s t e r i l i z e d  c e l l s .  The 
h ighe r  value f o r  t h i s  c e l l  probably r e s u l t e d  from t h e  i n s u l a t o r  
mel t ing and flowing i n t o  t h e  sepa ra to r .2  The average measured 
resist ivit5 of t h i s  c e l l  was 187 ohm-cm 
208 ohm-cm f o r  non- s t e r i l i zed  and 277 oh-cm2 f o r  s t e r i l i z e d  
c e l l s .  

as compared t o  

4.4 E l e c t r o l y t e  Chemical Analysis 

The carbonate content of t h e  e l e c t r o l y t e  f o r  t h i s  c e l l -  was 3.21 g. 
as compared t o  3.15 g.  for t h e  comparable, non-ster i l ized c e l l  
S/N 3017. 
of t h e  e l e c t r o l y t e  were s l i g h t l y  higher t han  t h e  average f o r  t h e  
o t h e r  s t e r i l i z e d  c e l l s .  

Both t h e  r e s i s t i v i t y  o f  t h e  sepa ra to r  and carbonate content  

4.5 Electrodes - , P l a t e  Test ing 

C e l l  S/N 3022 which showed evidence of degradation of t h e  n i c k e l  
p l a t e  e l e c t r i c a l  l e a d ,  i n s u l a t o r ,  and sepa ra to r  as noted i n  Sec t ions  
4.2.1 and 4.2.2,  d i d  not accept  a charge when t h e  p l a t e s  w e r e  t e s t e d  
i n  t h e  flooded condition. However, t h i s  c e l l  had accepted a charge 
j u s t  p r i o r  t o  i n i t i a t i n g  t h e  F a i l u r e  Analysis t e s t  sequence as noted 
i n  Table 1. P r i o r  t o  s t a r t i n g  t h e  p l a t e  t e s t i n g  t h e  e l e c t r i c a l  l e a d  
had t o  be resoldered t o  t h e  n i c k e l  p l a t e .  Seve ra l  a t tempts  were made 
t o  charge t h e  p l a t e s .  I n  t h e  f i rs t  a t t empt ,  t h e  charge h a l f  cyc le  
s t a r t e d  i n  a normal manner. 
of about +0.4 v o l t  with r e spec t  t o  t h e  r e fe rence  e l ec t rode  (Hg/HgO), 
and t h e  cadmium p l a t e  had a vo l t age  of about -0.9 with r e s p e c t  t o  t h e  
same re fe rence .  After about 2 hours of charge a t  400 m a ,  t h e  vo l t age  
of t h e  n i c k e l  p l a t e ,  with r e spec t  t o  t h e  r e f e r e n c e ,  s t a r t e d  t o  move 
i n  t h e  negat ive d i r e c t i o n  and even tua l ly  approached t h e  value of t h e  

That i s ,  t h e  n i c k e l  p l a t e  showed a vo l t age  
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4.5 Continued 

cadmium p l a t e .  That i s ,  it approached a value of approximately -0.9 
v o l t  with respec t  t o  the  re ference .  The vol tage  behavior of t h e  
n i c k e l  p l a t e  was confirmed by t h e  c e l l  vo l tage  which s t a r t e d  a t  about 
1.3 v o l t s  and approached 0.0 v o l t s  as t h e  n i c k e l  p l a t e  approached 
t h e  vol tage  of t h e  cadmium p l a t e .  Open c i r c u i t  vo l tage  af ter  t h e  
f i r s t  charge was approximately -0.9 v o l t ,  wi th  respec t  t o  t h e  r e fe rence ,  
f o r  both t h e  n i cke l  and cadmium p l a t e s  and 0.0 v o l t  f o r  c e l l  vo l tage .  
Subsequent a t tempts  t o  both charge and discharge t h e  p l a t e s  of t h i s  
c e l l  d id  not a l t e r  t h e  vol tages  of t h e  first attempt of charging.  
The p l a t e  p o t e n t i a l s  remained a t  -0.9 v o l t  with respec t  t o  t h e  
re ference  and t h e  c e l . l v o l t a g e  remained a t  0.0 v o l t .  The system 
was inves t iga t ed  f o r  poss ib le  s h o r t s ,  and a new sepa ra to r  was used 
f o r  each charge-discharge at tempt .  

An unusual amount o f  black res idue  was noted on t h e  sepa ra to r s  and i n  
t h e  e l e c t r o l y t e  so lu t ion  used i n  p l a t e  t e s t i n g .  Also,  a l a r g e  
amount of t h e  same mate r i a l  was observed i n  t h e  so lu t inn  obtained 
from t h e  e l e c t r o l y t e  leaching process.  
from t h e  e l e c t r o l y t e  leach and p l a t e  t e s t i n g  so lu t ions  and analyzed 
by emission spectrographic and x-ray d i f f r a c t i o n  techniques i n  an 
attempt t o  determine the  cause f o r  t h e  p l a t e s  no t  accept ing a charge. 
The r e s u l t s  of t h e  emission spectrographic  ana lys i s  a r e  presented  i n  
Table I V .  The emission spectrographic  ana lys i s  was performed by P a c i f i c  
Spectrochemical Laboratory,  I n c . ,  Los Angeles, Ca l i fo rn ia .  The d a t a  
shows t h e  major m e t a l l i c  components t o  be n i c k e l  and cadmium which i s  
what would be expected f o r  a normal c e l l .  X-ray d i f f r a c t i o n  analysis 
of t h e  combined residues remaining a f t e r  t h e  spectrographic  ana lys i s  
by Sloan Research I n d u s t r i e s ,  I n c . ,  of Santa  Barbara showed t h e  major 
component was cadmiim hydroxide. Also found t o  be present  i n  i n t e r -  
mediate concentrat ions were cadmium carbonate and n i cke l  metal. The 
r e s u l t s  o f  t h e  x-ray ana lys i s  a r e  presented i n  Table V. The formation 
of cadmium carbonate i n  c e l l s  and i t s  e f f e c t  on c e l l  performance are 
not  c l e a r l y  understood. Therefore ,  t h e  r e s u l t s  of t h e  spectrographic  
and x-ray ana lys i s  d id  not produce any conclusive evidence as t o  t h e  
cause of c e l l  fa i lu re .  The d a t a  obtained i n d i c a t e s  t h a t  even i f  an 
i n f e r i o r  so lde r  j o i n t  resu l ted  when t h e  n i c k e l  l ead  wire was  re- 
soldered t o  t h e  e lec t rode ,  t h i s  j o i n t  could not  have been respons ib le  
f o r  t h e  f a i l u r e .  
by x-ray d i f f r a c t i o n  contr ibuted t o  t h e  f a i l u r e  of t h e  c e l l  t o  
accept a charge. 

The black res idues  were f i l t e r e d  

It i s  poss ib le  t h a t  t h e  cadmium carbonate f3und 
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TABU3 I V  

Semiquantitative Spectrographic Analysis of Residues 
from Cell S/N 3022 

Metal l ic  Element 

Nickel 

Cadmium 

Iron 

Cobalt 

Magnesium 

Calcium 
Chromium 

S i l i c o n  

Boron 

Manganese 
Lead 

Aluminum 

Tin 

Copper 

S i l v e r  

Zinc 

T i t a n i u m  

Other elements 

F i r  s t  Leach 
( %3 

8 .O 
17.. 0 
1.3 
0.52 

0.54 

0.16 

0.017 

0.60 

0.072 

0.024 

0.092 

0.17 

n i l  

0.030 

0.022 

0.12 

t race  

n i l  

RESIDUES 
Second Leach 
A 

46.0 
20.0 

2.2 

3.4- 
L. 6 
0.16 
0.37 

3.7 
0.50 
0.10 

0.090 

0.55 
n i l  
0.17 
0.055 
0.21 

t r a c e  

n i l  

P l a t e  Test 
- 1 
21.0 
12 .O 
0.95 
1.8 
0.46 
0.35 

0.21 
0.98 

0.4 
0.040 

0.28 

0.50 

n i l  

0.034 
0.030 

n i l  

0.035 
n i l  



TABLE V 

X-Ray Di f f r ac t ion  Analysis of Residues++ From C e l l  S/N 3022 

d S p a c i n g  A 

4.63 
3 -78 
3.02 

2.93 

2.71 
2.53 

2 -34 
2.07 

2.03 

1.86 
1.82 

1.74 
1.51 

1.44 
1.39 

CdCO 2 N i  I n t e n s i t y  Gd(OH)2 - 
100 X 

20 X 
40 X 
40 X 
10 X 
80 

40 
10 

30 

50 

20 

20 

10 
10 
10 

X 
X 

X 

X 
X 
X 
X 

X 
X 

X 
X 

X 

<+Because t h e  r e s u l t s  of t he  emission spectrographic  (Table 4) a n a l y s i s  
showed t h e  t h r e e  samples contained t h e  same m e t a l l i c  components, t h e  
por t ions  of t h e  samples remaining a f t e r  t h e  spectrographic  analysis 
were combined for t h e  X - r a j  d i f f r a c t i o n  aria1,ysi.s. 



5 -0 DISCUSSION 

The plate testing results coupled with the impedance test indicate 
that either the separator or a passivating coating on the plate 
surfaces, which was removed when flooded with electrolyte, was 
partially responsible for noted cell failures and lowered capacities. 
Also ,  the plate capacity test when considered alone showed lower 
capacities for sterilized cells, and that the nickel electrode contributes 
to the limit on charge and is the major limiting factor on discharge 
indicating some degradation of the nickel electrode results from 
the sterilization process. The separator's contribution to cell 
failures and observed lower capacities is difficult to interpret. 
cells showing a high .impedance (200 milliohms or better) do not 
show a corresponding high separator resistivity, and some cells 
exhibiting low impedance (12 to 100 milliohms) show high (500+ ohm-cm2) 
resistivities. 
condition with respect to electrolyte as compared to the starved 
condition for the cell impedance measurements, and the separators 
were not under compression for the resistivity test whereas they 
were for the impedance measurements, which could possibly account for 
some of the observed differences. 
the lack of correlation between measured impedance and resistivity, 
if indeed the measured impedance was a direct result of separator 
resistivity, is the fact that the impedance, in portion, is a measure 
of the average impedance of the entire separator whereas the 
resistivities were measured on samples taken from selected positions 
of the separator; and it is possible the resistivity samples were not 
representative. 
account for the resistivity variations noted both within and between 
separators. 
observed impedances could have resulted from a'distribution of the 
electrolyte within the cell assembly such that the separator was in 
a more starved conditinn than normal. The distribution of the 
electrolyte in cells showing high impedance values could have been 
such that it was predominantly in the pores of the plates. 
was no correlation between sterilization and cell impedance and 
separator resistivity. It is possible that correlation was obscured 
by the effects of non-uniform distribution of electrolyte in separator, 
non-representative separator resistivity samples, etc. 

Those 

The separator resistivities were measured in the flooded 

Another possible explanation of 

Non-representative resistivity samples could also 

It is a l s o  possible that the high (200' milliohm) 

There 

Chemical analysis of the electrolyte showed essentially the same 
amount of carbonate and hydroxide for both sterilized and non-sterilized 
cells. 
observed cell failures and lowered capacities, no conclusive 
dependence was established. 
showed a definite relationship with sterilization. The separators 
from those cells which had been sterilized showed lower tensile 
strengths than comparable cells which had not. This lower tensile 
strength coupled with the observed stiffness of separators from cells 
which had been sterilized definitely established a separator degradation 
caused by sterilization. 
plate capacity testing were lower for sterilized than comparable non- 
sterilized cells but equal to the control cells. This effect 

Although carbonate could possibly have contributed to the 

The separator tensile strength test 

The output capacities measured during the 
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5 .O Continued 

o f  lowered c a p a c i t i e s  f o r  s t e r i l i z e d  c e l l s  i s  opposi te  t o  t h a t  noted 
from c e l l  capac i ty  measurements made j u s t  p r i o r  t o  f a i l u r e  ana lys i s  
t e s t i n g .  This d i f fe rence  i n  capac i ty  could be explained by t h e  f a c t  
t h a t  t h e  c e l l  capaci ty  measurements were made with t h e  c e l l  i n t a c t  
( s epa ra to r  s ta rved  w i t h  e l e c t r o l y t e )  , whereas t h e  p l a t e  capac i ty  measure- 
ments were made i n  the  flooded ( w i t h  respec t  t o  e l e c t r o l y t e )  condi t ion .  

The x-ray ana lys i s  and spectrographic  ana lys i s  d id  not  produce any 
conclusive information as t o  t h e  reason c e l l  S/N 3022 would not  accept  
a charge during t h e  p l a t e  t e s t i n g  i n  t h e  flooded condi t ion.  
e lec t rode  i n  t h i s  c e l l  ac ted  as i f  it had become coated with cadmium. 
The p o t e n t i a l  of t h e ' n i c k e l  p l a t e  became approximately -0.9 v o l t  with 
respec t  t o  t h e  reference e l ec t rode  (normal +O.4 v o l t s )  when placed 
on charge which i s  about t h e  same vol tage  (-0.9 v o l t )  of t h e  cadmium 
p l a t e .  The n i cke l  maintained t h i s  vo l tage  on subsequent a t tempts  t o  
charge and discharge the  p l a t e s .  Because t h e  res idues  were f i l t e r e d  
from t h e  leach  and p l a t e  t e s t i n g  s o l u t i o n s ,  t hey  were undoubtedly 
a composite of mater ia l  t h a t  sloughed o f f  of both p l a t e s  and t h u s  
t h e  o r i g i n  of t h e  specie8 found by x-ray ana lys i s  could not  be 
determined. 

The n i c k e l  

6 .O CONCLUSION 

The r e s u l t s  of t h e  f a i l u r e  ana lys i s  t e s t i n g  showed some e f f e c t s  of 
s t e r i l i z a t i o n  on t h e  sepa ra to r ,  e l e c t r o l y t e  and p l a t e s  which could 
be r e l a t e d  t o  c e l l  f a i l u r e  or observed v a r i a t i o n s  i n  capaci ty .  
some t r ends  were e s t ab l i shed ,  no on f a c t o r  could be es tab l i shed  as 
t h e  major cause of c e l l  f a i l u r e  or observed v a r i a t i o n s  i n  capac i ty .  
The d a t a  seems t o  ind ica t e  t h e r e  a r e  a number .of f a c t o r s  which 
contr ibuted t o  c e l l  f a i l u r e .  

Although 

Separator  degradation r e s u l t i n g  from s t e r i l i z a t i o n  was d e f i n i t e l y  
e s t ab l i shed .  
t h e  discharged s t a t e  showed a t e n s i l e  s t r eng th  which w a s  approximately 
32% lower than  c e l l s  which had not  been s t e r i l i z e d .  This value i s  
based on d a t a  from the l a r g e  s i z e  (1'' x 3")  t e s t  samples. 
was a lso an observed s t i f f n e s s  o f  t he  separa tor  i n  c e l l s  which had 
been s t e r i l i z e d .  
from c e l l s  which had been s t e r i l i z e d  i n  t h e  discharged s t a t e ,  v i s u a l  
inspec t ion  of t h e  separa tors  f r o m  these  c e l l s  showed t h e  degree of 
s epa ra to r  degradation f o r  s t e r i l i z e d  c e l l s  increased  as t h e  s t a t e -  
of-charge increased .  The dimensional measurements showed t h a t  t h e r e  
was  s l i g h t  shrinkage (1.5%) i n  t h e  width of t h e  separa tors  which had 
been s t e r i l i z e d ,  and they a l s o  show a much l a r g e r  v a r i a t i o n  i n  
th ickness  and an average th ickness  g r e a t e r  than  non-s te r i l i zed  c e l l s .  

Separators f r o m  c e l l s  which had been s t e r i l i z e d  i n  

There 

Although l i t t l e  da t a  w a s  obtained on separa tors  
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6.0 Continued 

The impedance measurements are lower for the sterilized than for 
non-sterilized cells if all cells are considered. Comparison of 
the capacities of the cells measured prior to failure analysis 
with the corresponding impedance values shows that the low 
impedance reflects itself in a higher output capacity. If the 
impedance values are compared to the plate capacity test, the 
reverse occurs or the low impedance reflects itself as a low 
output capacity. The impedance measurements were made with the 
cell intact, and the differences could be explained as variations 
in separator thickness, distribution of electrolyte in cell, or a 
passivating layer on one or both electrode surfaces which was 
removed when electrodes were flooded with electrolyte for plate 
testing. *lso, new separators were used for plate capacity testing. 

The chemical analysis of the electrolyte showed that sterilized cells 
had on the average a 20% higher carbonate content and a corresponding 
14% lower capacity on plate testing. 
23% higher carbonate content than the sterilized cells with a 
corresponding ‘9% higher capacity than the sterilized cells. 
only one control cell was taken for carbonate comparison, it may 
not have Been representative. If it was, however, carbonate data 
when compared to the plate capacity data indicates carbonate formation 
is detrimental to cell performance and to the nickel electrode. 
However, due to the fact that the leaching process for removal of 
the electrolyte from the electrode-sepaarator assembly was altered 
several times to improve the technique, the results, although 
analytically correct, may be in error due to the alterations made 
in the electrolyte leaching process. 
order to confirm and establish the role of carbonate content of 
electrolyte on cell performance, and to determine if the sterilization 
process does indeed promote the formation of carbonate. 

However, the control shows a 

Since 

More work is required in 

The resistivity measurements show considerable variation within a 
separator and also between separators. 
not f i d y  establish if sterilization has any effect on the 
resistivity of the separator or if it ultimately reflected itself 
on cell performance. 
probably arose from variations in the thickness of the separator and 
the adherence of active electrode materials to the surface of the 
separator. 

The data obtained does 

The variations noted in the resistivity data 

The plate capacity measurements show that the sterilized cells had 
an average output capacity 14% lower than non-sterilized cells and 
approximately equal to the capacity of the control cell. This is 
the reverse of that experienced prior to failure analysis, that is, prior 
to failure analysis, the sterilized cells showed a slightly higher capacity 
than non-sterilized cells. 
to the fact that plate capacity measurements were made in the flooded 
condition (with respect to electrolyte) while the capacity measured 

This difference can be partly attributed 



6 .O Continued 

p r i o r  t o  f a i l u r e  ana lys i s  were made with t h e  c e l l  i n t a c t  and 
s t a rved  with r e spec t  t o  e l e c t r o l y t e .  Also ,  t h e  p l a t e  c a p a c i t i e s  
were measured with new sepa ra to r .  Any pass iva t ing  layer on 
e l ec t rode  s u r f a c e s  which might have been p resen t  du r ing  c e l l  
capac i ty  measurements could poss ib ly  have been removed when 
flooded with e l e c t r o l y t e  f o r  p l a t e  capac i ty  measurements. 
o r  some o f  t h e s e  reasons could have been r e spons ib l e  f o r  t h e  
d i f f e r e n c e s  i n  t h e  observed c e l l  and p l a t e  capac i ty  measurements. 
The p l a t e  capac i ty  measurements d i d  e s t a b l i s h  t h a t  t h e  s t e r i l i z e d  
c e l l s  showed lower c a p a c i t i e s  t han  t h e  non-ster i l ized c e l l s  and 
t h a t  t h e  n i c k e l  e l ec t rode  con t r ibu ted  t o  t h e  l i m i t  on charge and 
was t h e  major l i m i t i n g  f a c t o r  on discharge.  This suggests  t h a t  
t h e  s t e r i l i z a t i o n  process degraded t h e  n i c k e l  e l e c t r o d e  i n  some 
manner. 

A l l  




